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APPLICATIONS OF IONIC BEAMS TO STUDY
OF GASEQUS CORROSION OF METALS

Princlpal Investigator ., Walter J, Moore
INTRODUCTION

The final report of our work on this contract is given in the form
of a collection of preprints of papers based on various sections of the
work.

This research program was conducted under unusually difficult con-
ditions, The kind of exploratory research that we wanted .o do was not
at all suited for students working toward their first research degrees,
Thus we decided to rely mainly on postdoctoral research associates and
research technicians. As it turned out, for various” good reasons, only
one of the three reséarch associates could sta& with us more than one
year, and the appointmert of thg last one had to be terminated when our
funds were exhausted. We thus lost considerable time as continuity of
the work was interrupted. Another difficulty was the lack of funds
to buy commercially made equipment, such as high vacuum valves and pumps.
We thus used a fair part of our time in construction of equipment., My
final conclusioan is that this kind of exploratory research is more expen-
sive than the usual university research, To obtain gcod results quickly,
one should be able to buy the necessary equipment and thus begin the
active experiments sooner. One also needs at lcast some permanent staff
in addition to the priacipal investigator,

Nevertheiess, with all the difficulties we accomplished more or less

what we stated we would do in the contract application., In most cases,
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however, the work was not really brought to a definite finishing point --
interesting experiments were made, preliminary results were ol tained, but
definitive results and conclusions were not achieved. To this extent,
the program has raised more interesting problems than it has solved,
Perhaps other workers interested in gaseous corrosion will find in this
work an-indication of useful new directions to explore.

We should like to acknowledge the good work of our research techni-
cians Sylvester Brown and Howard Brown, as well as valuable contributions
by éarl Sexton, master glassblower, and Jack Baird, machinist.

The following research assoclates worked on the program, Present
addresses are given. '

Dr. Derek Klemperer, University of Bristol
Di. Sigemaro Nagakura, Tokyo Institute of Technology
Dr. Nguyen Triuh Dzoaah, Tllinois Insticuté of Technology

Dr. Jens Tractteberg, University of Trondheim



FFFECTS OF ATOMLC OXYCGEN ON SEMICONDUCTOR OXIDES

_NGUYEN TRINH DZOANH and WALTER J. MOORE

Chemical Laboratory, Indiana University, Bloomington

The beravior of inarganic solids in an atmosphere containing a cuntrolled
concentration c¢f atoms and other labile species has never been studied sys;
tematically, as far as semiconductor properties are concerned, Some works
however, are devoted cexclusively to the study of surface catalytic properties
of these crystals for atom recombination,!-4

The presence of oxygen atoms would increase the chemical potential of

the oxygen in contact with a semiconductor oxide and promote the mechanism of

cationic vacancy diffusion in the solid oxide. Among the oxides which might

behave in this manncr when in contact with an oxygen-atom Stmoaphere, we

shall direct our attention first to the case of nicke! oxide and generalize

to the others later,

CONDUCTIVITY OF NICKEL OXIDE

According to Verwey, et al.,5 the condvctivity of NiO results from the
excess positive charges due to Ni®* fons on normally Ni®* lattice sites,
When given a sufficient amount of energy, thesec positive holes may be trans-~
ferred from the Ni?* {ons to the NPt ions.' The charge spends a finite length
of time at each.site, as in a diffusion process; and under an clectrical
potential gradient, the charges may be transferrcd, In such a model the
conductivity should be proporiional to the concentration of the Nt?** fons. This
concentration in the bulk may be increascd or decreased by the incorporation
oL forelign fons of lower or higher valency than two, as is clearly shown by

the work of Hauf{e, et al.,” and recently by VanHouten.” An :iucrease in the

.



- §2* concentration without doping is based on the characteristic 'depaﬂ.‘.m.,of'

the BiO from exact stolcalometry in the dircct.un of excess oxygem, . .~

Deviation from Stoichiometry

Engell and Hauffe® concluded from thelr kinetic analysis’ that when Ni0
is exposed to an oxygen atmosphere, two processes occur: chémisorption snd
structural incorporation. The adsorption of oxygen involves the formation
of stable oxide lons end cation vacancies. At high enough temperatures,
edsorbed oxygen is incorporated into the surface layer of the Ni0 structure
by outward diffusion of ¥i2* tons, ™is diffusion genertteé further sites
for oxygen uptake9 and provides a mechanism for & continuing slow edsorption. (
Howaver, recent ev.dencel® suggests that the excesc oxygen is located only
near the surface, even at high temperatures, Excess oxygen in NiO is then
'accomodateu by the reaction, |

(1) %02 - 02 % V(Ni2+) + 2p
vhere Y(Ni-?"') indicates vacant sites and p, positive holes.

The vacancies provide a mechanism for diffusion of metal ions®! in the
crystal and the associated positive holes are expected to be locslized on
i jons, resulting in an increase in conductivity, When thermodynamic
equilibrium is established with the surrounding atmosphere, the concentration
of Ni®* ions will change according to the reversible equation,

(2) -;- 0p + oW 2 0= o+ o3t o+ Venizhy |

Using the ideal mass action iaw, the equilibrium constant is obtained:

["is+}e ["(m‘?*)]

(3K =



- b -

The activities of Ni®* and o=- are tsken as unity because deviation from
stoichiometrie NiO is slight. If other disorder equilibria are negligible,

since there are two Ni%?* ions for each vacancy, charge neutrality requires

Equation (3) will be
K = {mﬂ}d /2(P02)%

(5) [ma*] = (@)H/ap, )
2

i

(2)2/3(p, )*/® exp (-a3/3RT) .
2
AG; = AH; - TASE indicates the free energy of defes#t formation for the reaction

of equation (2). If the conductivity is, as shown above, proportional to

13% ], then

(6) o = [Nia"'] aH,

where g and p indicate charge and mobility of the positive holes. On substi~

tuting Eﬁi3+} in (6), we have
(1) 8 = au(2)/3(5y )2/ exp (-AG7/3RT)

- A(P02)1/6 exp (-0G3/3RT)

where A = qp(2)1/3. We see from (4), (5), and (7) that the departure from
stoichiometry by formation of positive holes depends on the ambient oxygen
pressure at a given temperature.

Clearly the concentration of cation vacancies and the associated positive
holes can be waried over a certain range by variation of the temperature and

the oxygen pressure, Many such studies have been made of nonstoichiomstric




oxides, but the extent of the'réngé has been found to be often -

except perhaps at extremely high pressures., We thought thet a convenlent aﬁdr4'i

interesting way to ralse the chemical potential of the oxygen in contact viﬁh
the oxlde crystal would be to expose the erystal to an ambient;atmbgphere‘céﬁfj
tainiga concentration of oxygen atoms,

When in contact with the semiconductor oxide, some oxygén atoma Will‘be
lost by surface recombination due to the catalytic properties of the NiO
crystal.® If the oxygen atom loss is mnot too high, a steady state should
be reached, with an increase of the number of positive holes.and therefore
the conductivity of the crystal, We can then follow the process by exposing
to the gas streem a thin slice of NiO mounted with electrodes for conductivity

measurements.
EXPERIMENTAL DETAILS

The experin ntal arrangement is shown in Fig. 1. The oxygen atoms were
produced by a rf discharge in a fast flow system. The pumping system was
a conventional one, consisting of a high speed single stage nmercury diffusion
pump backed by a rotary pump. The discharge wsc maintained with a high
frequency communication transmitter tube type 829-B, operating at a frequency
of 60 Me/s. TIts power rating was 70 watts, but in practice the maximum power
used was slightly lower. The discharge always had a tendency tc spread into
the measuring zone, In order to avoid this inconvendence, Jennings and
Linnett'? sugsested an earthed metal screen placed be*ween the discharge tube
and the coil, but in our system the result was not satisfactory. Finally we
applied a strong magnetic field at about 2 ecm down stream from one end of the

coil, and a small earthed metal ring around the Jdischarge tube was ugsed to mini-

mize the influence of the high frequency electric field in this area. The result
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o oxygen atoms. and AH = 52,5 keai/wmole i the heat of ree ambination per
mole of atuaic ouxyecil. |

Recistance measurement: were madc on a single crystal of NiO supplied
by the Tochigl Chemicel Inductry Conpany, Ocakae, Jupan, Spectrographic
analycis showed that the erystsl contained 0.6% cotalt and 0.1% magnesium,
with traces of- other elements. The crystal was cleaned and then polished
flat on a precision grinder using cilicon carbide paper of grades 1/0 to
w/o, Thé specimen of approximately 1.5 x 4 mm® and O.1 mm thick was cleancd

with dilute nitric scid and d4istilled water before use.
EXPERIMENTAL RESULTS AND DISCUSSION

A. Production of atomic oxygen. The first series of experiments vas

designed to establish thc pressure dependence of the dissocjation of Oz and

therefore, the flow rate of atomic oxygen, in 6rder to determine the optimum
working condition for further studies on the effect of oxygen atoms on nickel
oxide. It is, of course, interesting to work at relstively high pressure.
but unfortunately the ability of the rf electric fjeld to maintain a ais-
charge rather 1imits the experiment to low prcssures.. At higher pressure

the electrons seem tu be unable to gain sufficlent energy between collislons,
Microwave radiation would be more suitable to maintain a disc .urge at this

npper range of pressﬁ;;:A*In our experiments, the »rf discharge became

unstable and extinguished at a precsure above 0.5 torr. With oxygen at about
U.l torr, the dischﬁrge waé white, tinged with green. As the nressure increased
it became red-mauve in color. The'production‘Of atomic oxygen versus the

gas pressure at room temperature i ghown in Figure 2, and the atomic oxygen
nressure In Table I, The highest concentration of oxysen atoms i- produced

al, a pressure of approximately 350 microns, but in order to avoid some incon-
venlence due to the inztublility of the dlscharge, it was ducided to wourk at o

slightly lower pressures -

PRESEAVIN
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TABIE I. (Temperature 298°K)
Cxygen Atom Concentratione in Flow Systen

b e

Total O-Flow rate 02-Flow rate Fo Pressure
pressure  (mol see™l - (mol see~! x 107)  — x 10% O-atom x 102

(torr) x 107) Oz (torr)
0.4 Ta"0 64 11.2 4,48
0.3 7.85 5845 13.4 4,02
0.2 5.38 Lk,5 12.1 2.k
0.15 3420 30 : 10,66 1.60
0.1 1l.h2 1745 8.10 0.81
0.05 0.66 9.9 - 6.66 0.36

B, Pre.ence of ozone and other species. ©Some osone a5 well as some

small amount of other metastable species i expected to be produced by the

rf discharge by the reaction: 0 + Op =3 0a, hut at the iow pressure, and
high temperatures used in these experiments, the ozone must decompose so
rapidly that its csngentration in the gas stream. if any, should be extremely
low.and therefore negligible. This hypothesis s supported by a mass spectro-
metric study of oxygen at 0.5 mm Hg pressure subjected to an ac glow dis-
charge.l® Charged particles should not occur in the measuring section.

_Some tests were done to detect any which might have been attracted from the
discharge zone, either vy diffusion or under the influence of the dc
potential applied to the target for conductivity measurements. It was
shown that no charged perticies existed in the measuring section.

C. Effect of oxygen atoms. A%t tl.~ chosen temperature and pressure, the

Ni0 specimen was subjected to the gas streum containing atoms producec by a

rf discharge during two hours. The behavior of its cunductivity was followed
by the change of its resistance during the rf dJdischarge and also two hours
after the rf discharge. The slight change of temperature during this

operation was recorded in the same time. It iz shown in Figure 3
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The resistance of the Ni0Q specimen decreasesd linearly with the time, The

coefficient of proportionality given by the curve (3) is 75/100. We have then

% =-'i—g-g ohms sec™t ,

The dimenzion of the specimen was about 1.5 x & x 0.1 mm., Thus the speecific

resistivity of the nickel oxide decreased regularly at sbout 4.5 ohm cm

every second.
D. Influence of high temperature. The change of the nickel oxide

conductivity when submitted to the oxygen atom atmosphere during a ten minute
period wac measured at constant pressure and at various temperatures. The
results are recorded in Figure 4. The effect of oxygen on the conductivity

of the nickel oxide was evident up to the temperature of sbout T750°C.

Above that tne results obtuined were irregular and the effect see ed to

be decreased. Thi:z recult seemed to be in contradizstion with what was
expected, because at higher temperatures the cativnic ditfusion should be

more rapid, and therefore, the elf:ct of oxygen atoms in creating new defects
in the crystal shouw . d t ~igher, These facts could only be attributed to a
decrease of the oxygen atom concentration whon the temperatur. incruases.

The surface recombinaticn coefficient ;7 for oxygen atoms on NiO, as well

as on the reaction tube of silica and other components at the reaction area,
would increase considerebly at high temperaturc. The exact value of the co-
efficient y at high terperature is not known for the nickel oxide., bhut for
sitica, for exarple, Linnett and Greavesl® have shown that 7y increases by a
factor of one hundred from 1.6 x 107% at 70 °C to 1.k 2 107F ut 600°C, following
a parabolic law, The slope, Xy/:\’l"a»f the curve ; woeroue Lerperature is rather
cteepe  The same effect wac found for potassiun chdoride (720. = 0.5 x 1074,

= 1.5 % 10’2). It can, therefcre, be deduced ﬁhut 1t temperatures above

Tary”

(00°C th~ coefficient y would be highs I we cpoculute that the variation of



7 with temperaturc for NIO follows the same law as thal tor gciiica or potass fum
chloride, it iz posscible tu obtaln an apprr-ximadte value of the surface recowbin-
ation y of oxygen atom for NiO at GO0°C., At 20°C, y for Ni0 is 7.7 x 10~3,3
Thus at 600°C i1 would be about 8 x 10°% or more, This wmeans thet almest every
oxyzen atom atriking the nickel oxide surface 'muld recombine; therefore, the
only nct recsult would be to raise the tempersture of the specimen,

These consideration: appeer 4o explain the smg.u effect of oxygen atoms
on the conductivity nt Ni0 when the temperature s too high, ss 1s shown in
Figure L,

E, Measurement of oxidation rate in atomlic-oxymen atmosphere, In order

Lo clurily th™: problem the os'dation rate of copper was meusured in atomic-
L LYRen an !vtolccular-c:q,g;::n atmocpberrs, Thain folis of pure coppar of about
1 om? were oxidized ut u tompurature of 850°C end a pressure of 0.3 torr in
Loth cases. These cnecimens were cleasned in a dilute solut on of nitrie acid,
rinced with Aistilled water, and dricd in nitrogen prior to oxidation. They
ere carefully weighed on a microbalince before end after the oxidation. The
rass of oxygen uptoke vercus the square root of time is reported in Pigure 5.
The ouxidation rate “n an oxyren-atom atmospherm 5till follows the parebolic
law. but is higher [(Qm)t,0 > (’&n)t'oal end faster than thut in molecular
uxyusen:

By

|' I ] . s [ ]
l.l\ N V' molecwles .

atoms
Mhis Jdit'ference might, be expluained by the fuct thut the surface reccabination
coetfficient y of ovyren stome i oontael with m:‘i;n‘l it nearly equal to unity.
An coon us o thin oilde T£ilm was forued, the coeflficlent » became lower and
the cffect of Hxy:on abt.ms was wecentited. However, the effect of an atomic-
axypen atisosphere on the oviduation of metal was ot great. Thus it appears

Limsh b high Lemporntige most of he oxysen utoms in Lhe pus streom recombin
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aviide pr v'..',.:n;...Z.;.’ wsrusged,

Avrpouren we souuuh guinralize on the besic of these two instunces, the
arcuent work sugeents that many metals that hueve protective oxlde coatinge vill
WiLinteno doidation by atomic oxyren at elevated temperatures nearly us vell as

timy v rhetend ozidation by rolesulur oxyesn.
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Fig. 4. Temperature dependence of conductivity of nickel
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A SELF SUSTATNING DIPOLE DISCHARGE 1IN OXYGEN
Npuyen Teinh Dznanh#
Chemistry Laboratory, Indiana University, Bloomington

ABSTRACT

Two parallel metal electrodes are cnvered with porous insulating layers
and immersed in oxygen at one atmosphere pressure, A dc sotential
ditference of zbout 1% kV is applied between the plates, which are several
cm apart. When a 200 microcurie alpha-particle source [Polonium-210) is
introduced between the plates, an electric discharge is initiated which
concinue§ f;f“one to two hours after the source is withdrawn, This dis-

charge is called the self-sustaining dipole discharge. 1Its origin is

betieved to be a Malter effect occurring simultancously at both clectrodes,
and caused by miciospark discharges in the pores of the insulating layers.
This mechanism is supported by the observation that tiny particles of

fasulatin; material may be cjected during the discharge.

! Present address: Department of Physics, Tllineis lastitute of Technology,
Chicagn,



A SELF S STAINING 0 0LE DISCRARCET N OX 0N
spuven Irinh Dzoank
Cremistry Laboratory . indiana University, Bloomington

The simplest form of o 1 sustaining discharge in gases is that between
two parallel flat weta: .ates. When a de potential is applied between two
prates, tte transforw o ¢of the gas from an insulator into a conduclor
may take place 1n virious ways, depending on the pressure and the temper-
ature ol the gas In ordinary air at atmospheric pressurc and room tempera-
ture, as soon as the breakdown potential is attaired, only a spark is pro-
duced The originally verv kigh resistance of the gas becomes suddenly a
sery low resistance ot - the order of one obm. Péfsistent intermediate values
of resistance cionot be realized, and the discharge is not se{¥~sustained.

Tre main reason for . absence ol a self sustaining discharge in
such a case is likely to be the fact that at high pressure the collision
frequency ot parcicles is bhigh and tke rate of energy loss is correspondingly
bigt Tte positive ions are then not sufficient;y cenergetic to release
from the catkode by ionic impact electrons necessary to maintain the
discharge

The well known classical way to maintain the discharge between the two
plates is to increase the positive ion eneigy by reducing the pressure of the
gas to a few millimeters of mercury, thereby Minimizing the collision fre-

quency of the particles, The discharge current at low ptessdre is given by

the Townsend relation

ead
A R e s : (1)

in whkich a is the first Townsend coeftficient, defined as'ﬁhe number of
cloctrons produced in the.path of a single clectron Lraveling a disvance
at one ceatimeter in the direction of the fivid. d is the distance between
e two clectrodes. - is the second Townsend cocffjcicnt due primarily to

the donic feyact, 0 Is tie current producd by an vsternal source,
Best Available Copy
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such as cosmic ravs, ole,
tt is proposcd Lo discuss another method- to malntain a discharge
between two parallel plates o1thout decreasing the pressure, and to try

to peneralize ic to aav ¢ ometric configuration,
BASI1C PRINCIPLES

At relatively bhigh pressure, the discharge between two parallel
platys cannot be scll sustaining because of the lack of the second ioni-
zation coefficicnt . Tf an artifice is introduccd that can produce this
second ionization coefficient ¥, cven urder some other form than that of
ionic impact, the discharge will certainly be maintained,

This artifice can be found from a fiel!d effect known as the Malter
effect.’ When a wetal target is covered by a layer of porous insulator
- such as some metal oxides, dusts, organic compounds, c¢tc., - and bombarded
by a charged particle beam, an cnormous electronic current can be drawn
of [ from the target by the effect of the high field built up. This
high-field effect stops when the incident charged particle beam 1is
cut off. This phenomenon has also been observed by Guatherschulze,®
who used a graphite and aquadag target covered by aluminum oxide particles
and bombarded by positive ions. The electron emission was much higher
wvhen the oxide laycr was present,

Althoughﬂphg target is bombarded by a charged-particle beam (ionic
or electronic), the mechanism of this emission is completely different
from the classical secondary cmission. Tn the latter process, incidunt
charged particles recact with the conduction clectrons of the metal target

and the electrons can escape througn the metal surfiice if the rransfer of

'L. Malter, Phys. Rev. 49, Wat {1956), Bes‘t A\Ia“ab‘ie Copy

“Guntherschulze, Physik “» , 708 (1944).



monentum to ther {; ;uffiéienc. Tn the present case, the oxide layer,
generally a pretty gnod inculat.r at rcom temporature. prevents the elec-
trostatic charges from flewir; away and keeps them for a while on its
surfac.. A gradient of porential is thus created, which increases quickly
Lo a4 high value because of the small distance between the target and the
charged insulater layar. Guntherschulze attributed the increase of elec-
tronic current to the surface field emission, due to thc high gradient of
potantial built up in his experiment by the positive jons deposited on
the surface of the aluminum oxide. Malter® used a target cov-red by an
aluminum nxide film formed by anodic oxidation, and the target at ground
potential was bombarded by an electronic beam. He suggested that when
the incident electrons impinged upon the aluminum-oxide surface, the
classical secondary electronic emission tool piace first, and the emitted
electrons were immediately attracted to the collector. A positive charge
was thus built ap on the surface of the oxide film because éf its high
resistance and then field cmission occurred.

There was, however, no published quantitative data to support the
hypothesis about the built-up positive charge | It secems likely from the

experimental point of view that the phenomenon was governed by micro-

.spark discharges.. When the potential at the aurfcée of t.e porous insulating

film in both cases (Malter and Guntherschulze) reaches the sparking potential

of the ambient gas, a microdisruptive discharge occurs through the pores of

the film, and the gas layer at the surface of the target becomes strongly
fonized. This provides a multiplication of ifons. The incident charged particle
beam acts as an exciting source. The system target, porous ilnsulator behaves

as a mosaic of condenser which is charged by the incident cherged keam and discharged

“L. Malter. Phys. Rev. 50, 48(1930). BGSt Avégggbga C{)py



thrsugh the poses et the insulor 1 film,  The charging and discharging
times L. and Yy depend  no1b capaciry of the oondensers, everything else
beingequal. N

The Jharged parri: 1o - 20 created thus reach the collector in pulses.
The freguency of the (narge and discharge cf this group »( condensers is
very high. so rhat the c~llected curvent appears to be ceatinuous. During
the charging vime L. the callectsr does not receive any charge from the
i.nized gas. when>th« surface sparking poténtial is reached. the micro-
discharee ccurs. che electric field at the surface of the insulator layer
is suddenly reduced ¢t a small value. The gas layer is strongly lonized
and the charge cycle wiil be vepeated again and again, 1t is only duving
the discharging btire thoat the collector can attract the charges from the
plasma. depending an its polarity and pctential,

Althaugh €he enchanced charge is largely éuo t» the lonized gas. the
cxtraction of charged particles from the target by (ield cmission i also
p.suibla.  Ti thé field strength {2 high ensugh. however., +<his cmission is
assumed 1o be weak, compared t:» that [rom the ionization of the gas layer,
¢ince the electric field at the clectrode surface 1s limited to the ave.age
value by the Paschen's law.

The photuelecrric e¢ffect may also play a part in the production of
ifons. Radiati.n of short wave length, such as ultraviolet, should be
abundant., The great amount of oswne ereated when the gas is air or oxygen
may be guwd prouf .l the exisrence of such radiation.

The emission by vonic impact is not negligible. because the charged
particles in the gap can be accélrraccd bv a bigh field vhich reaches
sowve r1l thuusand velt. por centimeter. Prajection of charged material

porticles from the tarpet voald be expectad, and 13 in fact often obscrved.

~ Best Available Copy.
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With the ccncept of the c¢ondenser in mind, the value of the voltage
built up and the field srrength at the electrode surface can be estimated.
The porous insulating film is considered to be approximately a monolayer
of spheres cf radius a and /Fig. 1} the contact of an insulating sphere
with a plane is assumed to be limited to the area where the gap is less
than a certain fixed disnance.' The area of contact will be proportional
the square of diameter of sphere d?, and the resistance of the area of
contact to .d/d® - ./d, where » is the resistivity of taec material. -

The ionic current to the sphere will be proportiomal to di, The voltage
built up will therefore be r

Vi * R(p/d) a1 = Rdip
where K is a constant. If we ~onsider the surface of the condenser
{charged. sphere target) as red ced to the a;ea of cdntact and a grgat part
of chatrges concentrated on the top of the sphere, the charge Q built up

will be proportional to the ratio,

area of contact
gap of the small condenser

and to the voltage \g.. \
Q = V.= Ata%
A is a coefficient of proportionality.
The elec;ric fcrce on this charge will b~
¥ = AEid%, (2)
where E i3 the electric field near the surface of the target and 1 is
the incident beam intensity. '
Tt appears that the formula {2) given a possibility for measuring
E if we can mcasure F which ténds to apply the jinsulating filwm sgrongly

te che target. TWis fact was clearly demonstrated by expcriment.

The formula shows that the voltage built-up depends on the thickness

Best Availabie Copy
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t = metal electrode thickness

D = electrode diamecer

/1] = Metal

d = dielectric sphere diameter

a = radius of dielectric sphere




and resistivity of th: irsnlating fiin and th2 incident beam intensity.
1f the thin film is compact. rhe voltage V must reach a bigh value in

ord r to create a microsparik dischorge through the insulator thicknese.
In that condition. the Malter effect would 1.t casily occur: on the
contrary. Yor porou s insulating filmesuch as certain oxides, dust
cte, . the disruptive voltage is rather low through the gas located in the
peres in comparicen with that through the solid., There.ore, the disruptive
microdischaryge can tuke place rel-tively easy and the residual gas will
be immediately ionized. As discussed above, the phenomenon is probably
governed by the Paschen's law. For a given gap between the target and
the charged insulator film, the microdiruptive discharge takes place
much easier at the preasure which correspends to the minimum of the

Paschen curve,
Self Sustaining Dipole Discharge at High Pressure

Now, instead of a cylindrical colluctor, two targets, both covered
by a porous insulating film, are put one in front of the other., The pres-
sure of the gas is about one atmosphere or higher. 1If these two parallel
plates are bombarded at the same time by a charged particl: beam from an
external source, the Maltfer effect wentioned aubove must occur simultane-
ously in the two opposite surfaces.

For this purpose, a sourc:? of polonium 210 of two hundred microcuries,
deposited on the top of a small glass rod. wac placed in the interelectrode
space and a dc potential appliced between the two electrodes. The alpha
particles; g;Qinu an cnergy of ‘.5 MeV, will create a strong funization of
the gas. In air, for cxample, al atmospheric pressurce. they are able to
' fone per centimeter of path.,  Under the influence of the

produce 1.5 x 107

difference of de potential, the vlowd nf clectrons i3 aceclerated and produces

Best Availcile Copy



sther in puirs,
The pasitive and n-ganive particlee so creatad ave accelerated by

the de electrre tield in i site directious toward the insulator films
which ¢aver the- ew. ¢lurr-des. The local eléctric field is progressively
built up at. the film. witil the sparking potential is reached, The micro-
dicruptive di=-chara- 1~ then briught about through the pores of the insula-
tor filme ~f b *h -1dcs, T-r a symm.trical geemetry, such a3 two parallel
plates, Ltr is likely that the Malter e¢ffech takes place quicker »n the
szitive electe de than ¢n the negative one because of the high mbility of
electrons. despite of the fact that the sparking potential in a gas i
zlightly higher 1n the negative than in the positive polarity. When the
micrdischarge cocurs simultanecusly in both sides, Lt is no longer neces-
sary to maintain the d;schnrge by a polonium source. The discharge becomer
«~elf sustaining. Each‘elec:tode serves as an ion scurce for the other.
Tw:s electric currents of npposite pnlarity flow in the electvode intg:-
space in opposite directions and supp.y successive buildups of charges
for the twy electrode surfaces. In order to express the processes of

i-n production at the two oppositec electrodes, it is proposed to call

this discharge a Self Sustaining Dipole Discharge (8.S.D.D.)

At the outset aof the S.S.D.D. there is always a sudden potential drop.
This phenomenon is interesting in ftself and appears t; have a clear analogy
with the self sustaining discharge in a gas photoelectric cell which, once
started, can be maintained without incident excicing llght. - The porous
ln%uiator.film in the S.S.D.D. plays the same role as the sensitive sur-
tace . f the photoelectric cuell, except that the wechaniem of ion production

1s quite difterent.

Thus the sclf sustaining discharge can bo waintiined between two parallel

plates av high pressurs {atmaspheric pressure v mre) Lwing to the porous

: Best Availcble Copy
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insulatinn at cthe qprfaccs 2f the electrodes. This provides a secondary
Iownéend cicfficient v which is5 necessary to maintain the discharge but
does not exi<t at high pressure when the electrodes are bare.

The n=lonium source is particularly useful {a effecting the first

streng avalanche »f chliurged particlnas, The current ig in the formula’

. ioead

1-7] eaa-l)

is then high enough to furnish the necesesary charges to start the micro-

discharge process at the electrode surfaces.
Thesretical Study sf the Potential and Field Distribution

In crder to understand the behavior of such a discharge, it i3 inter-
esting to know the modification of the electrostatic field due to the presenmcc
of the space charge p formed by the clouq of ions of both signs,

PP TP
The problem is naturally governed by the Maxwell equations. At first it
is assumed that the ionic recombination is negligible owing to the high
velocity of ions and that the variarfon of the magnetic field due to the
fonic flow is also negligible, because of the staionary state.

These considerations being taken into account,. the Maxwell equations

can be written:

duv E - l*"r(P(_'_\' - P(_)\ (3)
curl ¥ 5 0
divi - o

e

it which E is the ele.tric fleld during the discharge, p(+) and p(_) are,
respcctively, the density of space charge due to the ions of both signs. The

. : =
density f the current is J. As curl E - O, we can write

Best ﬁw;si:;,;v Copy



-3 -3
E = - grad ¢ , , (4)
in which ¢ is the corresponding potential.
The velocity of the positive and negative ions is given by

v(+\ kl \E, ( ) = k( )E

where k(+) and k(_) are. respectively, the mobilities of the positive and
negative ions. Then we can write the expwéssion for the density of current §

S R R ERL TR LR YT ()
in which D is the diffusion coefficient of two kinds of ions. The conservation
of ionic flux represented by the equation (3) will then be expressed as
follows.

div 3' s div a_i + °(+) Ap(+) + n(_) Ap(_) =0 (6)
in which 8 = p(+)k(+) + p(_)k(_), or, after dsveloping div 8 iﬁ one has
B div i. + i’ ';.d B+ D(+)M(+) + D(_)Ap(-) =0 ) (7)

In order to have the general equation of ths field and potential dtniribution

for the S.S.D.D. in any geometric configuration, the value cf'p{+) and p‘-)

in (€) must be expressed. Equation (3) is not sufficier.; a new factor is
going to be introduced which can be, at least. determined by experiment.

The total discharge current is given by

=T,y + 1) (8)

(+\ and I( ) gre the positive and negative ionic currents. The conserva-

tion of current components can be expressed as follows

Tay = Lpek)E *+ Dyy8aad p ]

I(_) = ip(_)k(_)z + D(_)grad p(_)].

This ratio I(+)/I( ) is equal to:
P4 * D(yyBrad By

(+)/ (=) ~ Pi) (_)E + D(_)grad P(.) (9)

Best Available Copy
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In general, the velocity of ions due to the thermal diffusion i- negligible
in comparis-n with that due ¢t the clectric field., The diffusian terms have

an insignificant influence :n the value ~f the ratio (9) which can be written

RONON
Ty ok

If attention is focused on the negative electrode side, I(+) will be called

I,
Al (10}

the excitor current and I(v), the inductor current, and vice versa on the

o.eitive electrocde side. I(+) and I(_) have a mutual action, one on the

sther., The ratio, g = p(+)k(+)/p(_)k(_), can be called a productiqn or

multiplication factor and can be measured by the probe method, for example.

This raci~ will play the role of the second Towneend coefficient y in the

discharge at low pressure.

Nw trom equations (3) and (10) the value of P(+) and p( ) can be deduced

av E - halog, - ppy)

TEUE . (11)
_divE (et k(4)
Py =T Te k) -k
dic B ,__ 8 %)
P(+) = ¥hx (g k(_) = k(+) .

Equation (7) will ivhen become:

dtv E
o ) 8 k(_) - k(‘) E)
div¥ g k div E k
. D.. A ( v B (:) } + DA (& — . -(.+;
(07 Mhale &y -y OIS

k, k. i k, vk —- - g k, \k + k, k
B (8) ~ () () 4 F graa ( (-)gL;zu) -(:z+§-)) d{:f

’00-
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After simplifi~aricn ant the tnzroductien of E - - grad 4, one obtains (12)
i%g%J*”@ﬁ&L
(+) ) 8+ D)

(i grad o+ grad (Ab) = AlM)

1t is interesting to n:ti.: that if g = 1, this means that p(':_)k(_” = p(_)k(_),and 7‘

th: crefficient »f th: -econd member cf the equation (12) can be written:

B ONO R CWOR
“ e

Tf this expressinn is multiplied by

3 + + k .

ko) TR0

it becomes:

Dk F oM L K )

kee) * X 2Ky

It is clear that this expression is equal to D /2 in which

B OLO R ONC]
2 ke )

D

k, .\ k
is a classical ambipolar diffusion coefficient and k = m + A=

RS

reduced mobility coefficient. The general equation which governs the

is a

potential and field distribution will be: ’

D
(A0}2 + gilad 0 gFad (Ab) = 5o A(M)

if the space charge ls neutral,

LI
P - P(+) - P(_) - 0 and (g - E%fj)

The: c§nuanra§jqn_of .lectrons and pesitive ions is equal, the densiti.s of

current duc to charge carriers are proportional te the ratio of mobilfities.




o cortent s e alm -t atl carrvied by electrons, Tn fact. L p(+) = p(-A,

ne  btrin-

P! . !:(‘. . :
Car e “ee ke ‘-...‘_.f. hy drfiniti-n.
P SR O
A koLt iLicient ~f the second member ~f equation (12) can
b wittion,
o k
i Peaken IRLY N D + Dy b
TR TR, - v K A A e (13)
e S T N (+) 7Ky
k, .
(~)

T 1 n1e tempetatare 15 much smaller than che elcctronic temperature, so
Do, e T ye The expreseion (1): i¢ then reduced to D( }/k( s+ Therefore,
the gencral equasicn fer ficld and potential distribution in the positive

- fumn, where Peos p(’a, 15 coly modified by the electronic diffusion,

(20)" 4 grad » gFad (o) o alA) T

W wever. the thermal agitaricn is tn gencral so small that we can afford to
negleo . IE 10 cercain cases. such as in air at atmospheric pressure and
r~ m tempzrature. Then,

(A%)= 4 grag b grad (Ab) - O,
After inLegrating this cquation taking into account rhe boundary conditions.
. ther Interesting factors ¢n be deduced Erom"the'expressicn for &. such
as tne field, the space charge distributicn. ctc. But the differential
cquation with Fourth erder partial derivative caunot be solved {n the classical
wav, Tt la pecessary bto use apprrx{mation m:thnds and 2 computer. If the
ncathrmatical difffculty prevents sme lrom going farther In this study., ft fas.
hewove 1, quite possible Ly measure the space potential, and the clectric licld

will De obtalned by stmple graphical integration.
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FMEFRTMENTS

The oxpovaimental appar oas 12 shown in Figure (0. The e¢lectrodes are
bold by rw carviapges f plosiglass which can slide «n a pair »f rails.
they are 1 dged in s ataminam box which is connected ro the conventienal
pumping <y<tem thrr uob 4 valve.  The carriage can be moved from outside
By oy el oswyst. o, -~ thar the distance between eleckrades can be varied
and detirmined ca~ily.  For reason of convenience, a fiberglass cloth is
d~cd an lica - [ the xide layer. This cloth had a thickness of 0,10 mm
and was woven of 3000 mm fibere. The resistiviey of the glass is comparable
with that [ «xide and the poresity can be evaluated by an ordinary micro-
seepe. The hygroseonic nature aof the glass reduces the resistivity of the
incuinting laver to s smali a value that the discharge is difficult te

aitiate . ban a4 small increasc in temperature isx enough to eliminate this

prhlem.  The glaszs ¢l th which plays the role of ouxide layer is held by
tw: « neeabric plexiglass rings of diameber twice that of the electrodes,
The - areide diameter of one plexiglass ring is nearly equal ts the inside

diam-ter .f anather. e plass cloth is located between then.

In  vder to aveid the vonuniform ficld at the cdge of the electrodes.

a metal guard ring was used. ‘the electrodes o~f 1.25 em diameter are made

t pure metal “(opper or aluminum)., The electrical circuit {s shown in the

diagram.

The top of g pliss vd careying a pelonium source of 200 nidcerocuries
can o omoved gnve or oub oi the Lnterelectrede space by manipulation from
cutside the box,  The remperaturve in the box Ls measured by 2 copper con-

st o chormeauple and the prassuce by a thormocsuple pauge and a mercury

ol

bk sxvaen toepished by Macheson Compony was used without puriticaticn.

T g was hear o sliphtly by o resistance belove being adnftted to the

S LY vl ooy,
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Unset ot the 5 85,0.0,  The wir in the bog was cevacuated before admitting

the slightly woirm oxvion b, " oup to one atmosphere or more. A

de potentiai ol about 1 ¢k was applivd between two clectrodes, both
covered by a porous inssiating f1lm As soon as the excitor alpha source
wis put into the inturc lcctrode space, s permancent discharge current was
obraincd,  Both covered cleetrode surfaces were suddenly illuminated, ‘The
luminosity was wuch brighter on the catbhode than on the anode, This fact
may be due to the beavy bombardment by positive ions. The polonium source

was then removed but the discharpe continued between two parallel electrodes

under a pressure of one atmosphere or more.

The minimum voltage between clectrodes,. necessary to start the §.S.
D.D. depends ou the gas pressure and on the gas temperature, for a given
grometric conliguration. This result apparently confirms the foregoing
c¢xplanation that the mechanism of the Malter effect, in this instance at
least, is governed by microsparks between the charged insulating film and
the metal surface since it is entirely dominated by Paschen’'s .law, The
initiation time of the $.5.0.D. for a given applicd voltage depends on the
fntensity of the cxcitor source and on the specific resistivity of the
insulating filu.  [f the ambicent gas {s loaded with water vapor, the
inftiation time is much loager, and sometimes the §,5.0.D, does not occur
no mattor how bigh the applicvoe ¢lectric ficeld may be, since the adsorbed
wirker vapor teduces the regsistivity of the Insulating Lilm to such a lo s
value Lhat the bailt up electrostatic ficld at the clectrode surface is
not lirgh cpough and thercriore the miqfunpurk camiol take place,

PUothe experimental vessol s closed, the discharyge current decreasces
oy, and there s an dncerease fn Lime o the qaanitity of ozone, amd cven

Sore pilrosen uxide is tormed dnogmall amount owing Lo the presence of




wotrace ety gen e b s, Insrder o keep the discharge current
coprstant oot applied voltage 1- tncreased slightly but almest continunusly,
Atver et v hurs, the gas was warﬁed and the discharge stepped
cowplat -Ive This fac' - . ws 1. be anmalius gince in warm gas the mobility
foearticlos i hlﬂh-'lsnd th- discharge current shculd be greater.

the 1§ ormaty ot vide layers. especially at the an-de, has come
intlienee  n th. di-charge current in rhe 5.5.D.D. but the presence of a
great am unt [ 7 ni- may als be a fact 'r. 1t is well known that czone
pr duc.d by 3 de discharg- can reach apprﬁximately 30 per cent of the
r tal gas v tame. it was for a lung time suspected that these gas mole-
¢les bee me heavy tons and mive very ;lcwly because of their mass
* ward the electrede. When the gas 1n the experimental vessel was sa .irated
witth 2 v and the curient discharge was reduced to zerc. the reinitiation
f che S.S5.D.D. ¢ uld be effected by again using the polonium source at a
higher applied valtage, but the:discharge“did not. last very long {a few
minutes’ It was decided, théreforn..t~ renew the gas continuously.
e rder * maintain the discharge current at certain given value. a weak
fl w -f «xvgen was arranged throsugh a small leak through the valve whiéh
arparated the pamp and the experimental xessel. This smal” and contiauous
leak balanced the ga- 1nput and the pressure in the experimental box was
thu- kept canstant, At a pressure ¢f one atmesphere and with a polonium
< uree 000 microcuries, wher a high voltage is applied to the electrodes.
a certain time was nececsary for the chwggcs to build up on its surface,
betore the §,5.D.D. ¢ruld start.  1hi- delay time {ir initiation of the
$.8 Db, depends on the value o the v ltage and-thv dic<tance hotween
clecrye des.

the vorrati-n o0 (he applicd veltage versus delay rime - is shown

oo the amorcloctrade spac bemgta paramenter. It follows a
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hyperbclic law. At high cuough applied voltage the §.5.D.D. took place
almost immediately. 1f the interelectrode space increased, more energy

was neccssary to start the $.5.D.D. for the same delay time. It is inter-
esting to notice that *the delay time increases linearly with the inter-
electrode space L for a given applied voltage as shown in Fig. (¥). 1In
fact; for a given working condition cf temperature and pressure of gas, and
resistivity of glass cloth, the breakdown voltage at the surface of the
electrode shonld have a definite value. This value calculated above is

given by:

VB = kd;:i

in which i = SNeu, u is the velocity of charged particles, e = electronic
charge. $ = surface area ~f eclectrode. N = number of charged particles,
d and g are thickness and restivity of the glass cloth,

From these relations we have:

ax i Vg

T dt ~ SNe = SNekpd

thercfore

B
L < SRekpd °© (1k)

This relation shows that the transit time r is proportional to the distance
L betwcen the two electrodes. It ie reasonable to assume that the delay

time T is proportional to the transit time t of the charged pa-ticles across

the electrodes.

r - Kt
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K is a constant of proportionality., The relation (1k4) becomes

v
B 1
L= SRekod® T = AV Tr A % Sioioag - comstant (15)

This relation can explain the behavior of the curves in Figs. (3) and (L),

In fact, the voltage built up at the surface V, is a function of the applied

B
voltage V., This function can be determined if the potential distribution
is known, by solving the equation (12). Unfortunately the mathematical
difficulty requires the use of the empirical relation between the discharge
current i and the applied voltage V, This empirical relation deduced from
the characteristic curve, i = £ (V), has the form: i = MV", (M and m are
constants,) Since i is proportional to VB as shown above, VB is then
proportional to s

o
VB n V

The relation (15) becomes:
L = A'Vm T

A' is a new constant of proportionality. For a given value of V, VB is
well defined and the delay time is proportional to the distance L of two
electrodes as indicated by Fig, (4), If L is fixed, the applied voltage

is given by

<
[}
I
A
g
i+

A'

The variation of V and T follows the hyperbolic law as indicated by the
curve in Fig. (3). As one can see, all of these results fit the microbreak-
down hypothesis previously discussed.

When the applied voltage and the interelectrode space are kept constant,
the delay time variation in function of the gas pressure is shown in Fig. (5).

The linearity is observed from low pressure up to about 65 mm Hg, then the
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delay time increased almost exponentially with the pressure. In fact, from the
relation (15}, the built up potential VB is proportional to the discharge
current i and therefore priportional to the mobility of the charged particles.
Since the mobility is inversely proportional to the pressure, the delay

time ¥ should vary linearly with the pressure as shown in the left part

of the curve in Fig. (5). At the threshold of the §.S.D.D., the onset
discharge current i being kept constant of about a few microamperes, the
potential dr-p is then constant for a whole range of pressure, and is inde-

pendent of the applied voltage for a given geometric configuration, as shown

in the follewing Tables

Interelectrode Applied Voltage Potential Drop Pressure
space L (mm) vV (kv) AV (kV) P mm Hg
2L 3.5 0.05 76
2l 3.5 0.05 71
24 3.5 0.045 66
2k 3.5 0.05 56
24 3.5 0.055 b1
Pressure Interelectrode Applied Voltagc Potential drop
P(atm) space L (mm) vV (kv) AV (kv)
1 Lo 6 0.2
1 Lo 7 0.2
1 Lo 8 0.2
1 9




w2

(1) The onset current of the §.5.D.D. was slightly higher than the former

value, therefore the potential drop was higher,

If the applied voltag: is kept constant at a given pressure, the potential

dcop decreases as expected when the interelectrode space increases [see

Fig. (5).]

Characteristic Curve of Current-Voltage of the §.§.D.D.

In order to characterize the self sustaining dipole discharge, it is
necessary to know the variation of the discharge current i, when the applied
voltage V between two electrodes increases, with different pressure as para-
meter, The graph Log (i) versus Log (V) is shown in Fig. (6). The
parallelism of these graphs is quite clear. Therefore the variation of i
a:z function of V follows the parabolic law. The equation of the graph is
Log i = m Log V + Log M, hence:

i= My
m is Lhe slope of the graph Log (i) = Log (V) and is very close to 5.45 for
oxygen., This coefficient depends probably on the nature of tf- gas. M is
a constant which apparently depends on the pressure P of the gas. In fact:
Log i = m Log V + Log M
Since the graphs parallel each other, the coefficient m is then constant
for different pressures. If the potential V is ‘kept constant the Log (M) =
F(Log P) should have the samc slope + as the graph:
Log (i) - m Log V = F(Log P)
since Log M = Log (i) - m Log V. For different valuesof V, one has different
parallel curves. This siope 4 given by the Fig. (7) is equal to -6.L45 and
the relation between M and P can be written

"M = constant x P~8:45 - L

PB. 45
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The relation (16) takes then the form

c V34" ¢
R (

5.45
: (17)

SR AL

PRt

Since the pressure P is irversely proportional to the mability k of the charged

particles, the relatirn (17) becomes

i==C k (%)5.45

This is an empirical r~lation between i and V, deduced from the experimental
graphs.,

For a given applied petential, the discharge current decreases drastically
if the distance between clectrodes increases as shown in Fig. (3). From
this series of curves, ~ne can determine the necessary applied voltage between
tw:. electrodes in crder to kesp the discharge cuvrent constant as the distance

increases,

Sparking Potertial

It is widely recegnized that the sparking potential between two metal
electrodes depends upon the nature of the electrodes, especially when the
latter are not clean., Decrease of the sparking potential with dusty or
oxidized electrodes has be=n observed but the mechanism of this effect is
not well understood and 3till subject to controversy. Acc;rding to the
results o1 thais experiment it seems likely that the presence of oride, dust
or other poreus insulators on the electrode surface will create a nucleus
for a microspark at the surface, the obvious consequence of which is to
start the main spark between two electrodes earlier than usual. The

mechanism would be the same as that of a triggered spark gap described by



WD 3ONVLSIG 3IA0MLO3TIYILNI

e

9
—

A #9bojjop uo___aa.q
assydsowyy | aJnssead
uabAxo ul qgagss

“Supoeds s$pox3ra[a1ajuT VO JUIIIND O Idupuadaqg

g TNOII

001!

00¢

oo¢

00¢v

006

009

SIUIJNVOHIIN * LNIHYND _I9HVHOSIA



Craggs et _al,# in which the main spark is accelerated by a swmall spark
generated by an auxiliary electrode, Pigure (9) shows the variation of the

sparking potential with pressure in three cases,

4(Craggs, J. D., M. E. Haine and J. M. Meek, J. Inst Elect Engrs Pt. 1III A,
19)+13, 965 .
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CORROSION OF METAL FILMS IN AN OXYGEN PLASMA AT HIGH PRESSURE

Jens Tractteberg, Nguyen Trinh Dzoanh, and Walter J. Moore
Chemical Laboratory, Indiana University, Bloomington

ABSTRACT

The oxidation of thin films of aluminum and coppr ' by anuvdization
in an oxygen plasma cuell at one atmosphere and room temperature was
studied by mcans of an electron microscope It appears that the oxide
film formed by the oxygen plasma is torn into fissures by both electri-
cal and thermal breakdown over the surface of the metal electrode,
Sclected area diffraction revealed the existence BAl1,0, with aluminum
films and Cuz0 and CuO with copper iilms, Nucleation and growth of
oxide below the outer surface of metal may be expected as a result of

oxygen-ion bombardment from the plasua,



CORROSTON vk METAL FLLMS IN AN OXYCEN PLASMA AT HIGH PRESSURE
Jens fractteberyg, Nguyen frinh Dzoanh, and Walter J. Moore
Chemical Laboratory, Indiuna University, Bloomington

There has been a proot increase in the use of gas plasmas, for example,
in devices to study nuclear fission, in experimental ion propulsion engines,
and in systems for carrying out speciaiized chemical rcactions. Questicns
naturally arisc concerning the cffect of plasma atmosphercs on metals and
other materials of construction. One of the primary purposes of our
0.A.F. contract was to study such processes. The successful development
of the self sustaining dipole discharge provided a suitable means for
such studies by mzcking available a convenient oxygen discharge plasma
at pressures of onc atmosphere and above., This paper describes the ob-
servations made when metal films were exposed to anodic oxidation in this
plasma,

Most metals are unstable at room temperature in contact with oxygen
at atmospheric partial pressures. In the case of aluminum, a film of
oxide about 25 & thick is rapidly formed, separating the rezctants,
Fﬁrther rcaction can occur only by diffusion or mizration of metal or
oxygen {ions through the film, Such transport thickens the film and
therefore reduces the rate of reaction becauses of a decreased electro-
rtatic field across the film, In orcder to increase this fiell and there-
fore its oxidation effect, the common Qethod is to make the metal the inode
tn an clectrolytic cell coataining a suitsble electrolyte, The physical
structure of the o;ide depends to 4 gregt extent on the electrolyte. In

general a film thickness of o few thousand Angstrums can be obtained at

room temperature,



it would be intevesting tu increase the gradient of potentfial at

the metal surtace under conditions similar to those in anodic oxidation

but using, instead of liquid clectrolyte, a gas already in the form of

ions, commonly called plasma,

The recent successful development of the self sustaining dipole

. |
discharge  in our laboratory satisfied two conditio~s ment‘oned above

(high surface electrostatic fieid and ionized gas) and provided therefore

a new means for studying the o:.idation of metals such as aluminum and
. Ny
copper in an oxygen plasma. ~,

General Considerations

A striking simulitude seems to exist between the self-sustaining

dipole discharge in oxygen and electrolysis in an aqueous solution. The

mechanism of oxidatioa by anodization is suspected to be similar im many

ways in both systems, The difference is that one of them is in a lfquid

phase, the other in a gaseous phase. [n fact, if the metal coated with

oxide or other uorous insulat#r 18 made tﬁe anode of an ionized oxygen
zell, the self sustainiag dipole discharge current sets up an electro-
static field in the insulating film or i&htc*4éi .the field already present.
Metal or oxygen ions may be pulled through the fjln causing contanOus

gv ch of oxide. The growth of auodic oxide film in the ionizcd gas

cell is then a problem of tonic conductxon at high fleld strength and

transfer processes Occur at two tn:etﬁaqes,jhe:§§-~ inaulgting film

and fnscvlating film - 10nized 5xygén{

('(

it is obviously desirablc ' expreau‘the behavior of the 3row:h ip

(((((

terws of some measure of :hc fiuld stroﬁgth 1n the 1nuu1atins {1lm. Con-

crarvy to the casc of an electro1yt£c calt here dtffichlties due to the



electrochemical nature ot the system occur, it 18 quite pousible :n the
case of the self sustaining discharge to measurce the (ield which éxlsts
between the clectrode metal and thy porous irsulating film. For this,
a suitable method would bhe to mecasure the electrostatic fo;ce which
pushed the film into close contact with metal {by using, for example,

a counter-balance weight] and hence to deducc"the field value,

The film thickness can be controllied since the potential difference
across the insulating film can be varfed at will, whereas the tarnishing
of wmetal in afr {s controlled by the thermodynamicse of the system., it
constant voltage, the growth of oxide thicikens the insuiating film at
the surface of the el.ctrode and causes a continuous decrease in the
gradient of potential. Consequently, the ionie curvent decreases.
tne great fall of current obaerved.in the self sustaining dipole discharge
at constant voltage wus probably due to this effect. It was due also
to an unknown effect from the conducting gas since it was observed that
if the gas was renewed during the experiment at constant applied voltage,

the current returned almost to its initial value.

EXPERIMENTAL METHODS

Preparation of Fillms

Aluminum

A. Sodium-fluoride stripping layer

A rather thick layer of aF was evaporated onto clcauned cover slips,
and a layer of Al, approximately 1500 ] thick, war evaporated over the
fluoride. The fluoride layer scomc. to have rzther a rough surfacce,

probdbly Bec;ﬁéevof the thizkness, and several of the targets showed
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a matte surface. The aluminum {ilms were floated off on water, picked
up on specimen screens, and electron micrographs were made.

B, Sodium-chloride stripping layer

A layer of NaCl, approximately 1000 & thick, was evapc ted on cover
slips, and approximately 2250 & of Al was evaporated over the NaCl. This
surface seemed to be much more even than with the NaF stripping layer.

After reacvion with the oxygen plasma, the films were floated off
on water, but holes were left in the film in the most attacked places.
Micrographs and selected area diffraction patterns showed sharp rings,
which were identified as belonging to Al, and broad rings, as from
amorphous material, with diameters giving spacings of approximately
2.2 R and 1.2 &,

The electron micrographs showed essentially the same picture rs
with NaF stripping layer.

C. Surface replicas

These were made by evaporating aluminum on cover slips without the
stripping layer, After treatment in oxygen plasma, the surface was
preshadowcast with Pt/Pd at an angle of approximately arctan 0.%, and
the specimen covered with a 100-200 & thick carbon layer while it was
rotated to get a layer of unitorm thickness. The carbon replicas were
then floated off oa 20% HF, washed in distilled water, and picked up on
snecimen screens.

Copper

Specimens were made by vacuum evaporation of copper on cover sl ips.

Estimated thickness was 870 &. After bombardment iun oxygen plasma, the

specimens were dry stripped, washed in acetone, and picked up on specimen

grids,



Treatment in the Plasma
The following conditiors obtained during exposure to thke plasma discharge.
1. Metal films anodic,
2. Oxidation at constant discharge current of 0.2 mA/cmg.
3, Oxidation time, 1 hour,
4. Distance between electrodes: 2 cm.
5. Voltage between electrodes, about 21 kV.
Voltage adjusted to maintain constant current. This adjustment
required variation of % 0.5 kV.
&, Oxygen gas pressure [f0 torr at 35°C. Slow flow of oxygen during

experiment,

RESULTS

Figures 1 and 7 are transmission electron micrographs of aluminum
films., Two stripping weihods were used to see if these procedures in-
troduced appreciable plastic deformations in tue foil.. The film in
Figure 1 was prepared by evaporating aluminum onto a wel. cleaned glass
surface, The film was then covered with collodion. Atter the plastic
had dried, the metal together with the plastic could he stripped from the
glass surface. The collodion was then dissolved in acetone. The film
in Figure 2 was floatod off from an evaporated NaCl base layer.

Both these micrographs show essentially the same fine grained
structure of polycrystalline aluminum, Both structarcs seem free of
any marked plastic deformations. The grain size is small, 1n the range
from 100 to 500 A.

The e{fect of exposure to the plasma discharge is shown in Figures

% and 4. These films were prepared on sodium chioride layers,



Figure 5 shows the resulr of ansdic oxidation of these films in the
oxygen plasma.  Amorpnous wateriel probably oxide and some aluminum are
cvident,

Figure ' shows an arca of moderately intense attack. The patchy distri-
bution of the heavier oxide layers is noteworthy. 1t is typical of these
oxidations to occur over regions about one micron in diameter, with other

neighboring regions much less attacked,

Figures - and - show the results of quitce heavy anodic attack on aluminum
films overy sodium fluoride. These films are more rosgh than those over
sedivm chloride.

Fieure 5 shows a field fron the edge o1 the atrtacked arca; the film
has been coneiderably torn up with boles having irvegular edges. We can
distinguish small rcegions of unattacked aluminum which cortain dark loops
of Bragg contrast. The lighter area shows more or less circular details
JOO to 500 A in diameter believed teo be oxide., Figure + is a more heavily
attecked area. Away {rom the holes some aluminum is still te be seen, but
there is a great deal of oxide mixed with it. Elcectron diffracticn powvder
diagrams of these sypecimens showed only aluminum, The -xide present was
egither too small in amount or too amorvhous to be rewv: ~led.

The next pictures show the oxidation process by means of surface
repiicas. Figure shows the virgin glass and Figure ' o a replica
of an unusually thick (about 500 &) aluminum film. The individual grains
of aluminum which were seen on transmission Figure ' are apparently scen
here also as surface structures in the replica. Figures ) and 10 show an
attacked area and a relativelv unattacked arca. Figure 9 probably corresponds

in replica to the transmission picture of Figure Y. Figure ) also shows
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shows the beginning of crack formation., The upper right hand corner is
region of mild attack, but one can see what may be tiny nuclei of oxide
in the surface.

In order to secure further information about the oxide film a special
procedure was tried. A thick aluminum film on glass was oxidized in the
plasma and dry stripped with a collodion backing. The film was then left
overnight in 1.5 N HCl to dissolve the aluminum, washed in water, dried,
and the collodion dissolved in acetone. The very thin oxide films could
then be taken up on the grid for examination in the electron microscope.
The transmission picture is shown in Figure 11. The specimen is definitely
crystalline, with small grains. This specimen had been left for 5 days
in the laboratory at room temperature before stripping, and there may
have been growth of grains during that time. Certainly the diffraction
patterns were different from those of the amorphous oxides usually

observed. The following lattice piane diffrrences were found:

d Rel, Intensity
1.96 & 6
1.3 10
1.29 1
1.1k 3
0.883 1
0.8o7 3

These spacings indicate an identification as HAl1,0s although not all
the spacings listed on the A.S.T.M. card were found in the pattern.
This absence may be due to differences in relative intensicies between
X-ray and electron diffraction and also to orientation effects. The
first reported occurrence of ®Al;05 was in the product from heating
Al.05.H0 at 1000° in steam [H.C. Stumpf, A.S. Russell, J.W. Newsome,

G.M. Tucker, Inc. Eng. Chem. 43 1398 (1950)]. It is rather strange

Tar
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that it should orcur as a product of oxidation of aluminum by plasma
discharge, After its first Jotection in the specially prepared oxide
films, we were able to find evidence for the BA1 0, in several other

oxidized samples.

Experiments on Copper Films

Only a few runs were made with evaporated ccpoer film oxidized
in the plasma discharge. The copper films were more coarse grainca
than the aluminum films, with cxtensive growth twinning in the
crystallites. Sclected area diffraction revenled Cuw, Cu-0Q and Cu0.
The Cu~C lires were broad, tending to amorphous patterns, but the Cu

lines were sharp and crystalline in naturc. An clectron micrograph is shown

in Frgure |
CONCLUSTOMS

The present study is cobviously only a preliminary introduction to
a field of grcat complexity. 1In che usual type of metal oxidation
there is a reasonably well defined interface betwezen the metal and
the oxide, and the oxide grows at a single extensive interface between
two phares. 1In the case of bombardment of metal by oxygen ions, the
incoming ions would penetrate the surface of>the metal to a depth
of about 100 . We would then expect nucleation and growth of oxide
below the outer surface of the metal. Some of the unusual morphology
of the oxide layefs in the ¢ periments reported above may be a consequence
of this multiple nucleation in depth of the oxide phase, Such nucleation
and growth of oxide bencath the outer surface of metal was also reported
vocently by Meyer and Havmann {M. Meyer and P. Havmann, C.R. Acad. Sei.

(pavis) 74, @ (1ach)]).

Bost Avzilchla Cony



Figure 1 Transmission Figure 2 Transmission

electron micrograph. electron micrograph.

Aluminum film on glass- Aluminum film on sodium

dry stripped 20 000 X chloride-floated 20 000 X '
Figure 3 Transmission Figure 4 Transmission

electron micrograph. ¢lectron micrograph. ;

Aluminum film lightly Aluminum filw heavily ;

oxidized by plasma oxidized by plasma |

20 000 X« 20 000 X



Figure 5 Transmission electron Figure €

micrograph of 1500 A
aluminum film over sodium
fluoride after anodic oxida-
tion in oxygen plasma,

20 000 X

Figure 11 Transmission electron Figure
micrograph of small
grained aluminum

oxide,

15 000 X

Similar to
Figure 5 but more
heavily attacked

20 000 X

12 Transmission electron
micrograph of 870 A
copper film after anodic
oxidation in ouxygen
plasma.

15 000 X
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Figure 7 Pt/Pd Prishadowcast Figure 8 ft/Pd Preshadowcaét

Carbon Replica Cacrbon Replica
15 000 X , 15 000 X
Virgin Glass Evaporated Aluminum

film about 7500 A thick

Figure 9 Pt/Pd Preshadowcast Figure 10 As Figure 9
Carbon Replica but more heavily
7500 X attacked,

Aluminum film heavily

attacked by oxygen .

plasma,







OXIDATION OF ALUMINUM FILMS AFTER IONIC BOMBARDMENT
WITH HELIUM OX XENON
Walter J. Moore, Sigemaro Nagaksra, and Sylvescer Drown
Chemical Laboratory, Indiana University
Bloomington, Indiana

ABSTRACT

Chemisorption of oxygen at 25°C has beer measured on aluminum films
prepared by evaporetion in a high vacuum system (10-3 to 1072 torr;.
The films were in some cases impregnated with.helium or xenon by cathodic
bombardment in a plasma or glow discharge. Occlgded inert zases that could
not be puméédnbff at 25°C were rapidly released on exposure of the treated
film to oxygen. The results suggest that the initial attack of oxygen
involves an immediate rearrangement of the aluminum atoms in the surface

layers.



Best Av

¥

OXIDATION OF ALLM;N'M F1LMS AFTER 1ONIC BOMBARDMENT
WITI. HELI'M OR XENON

Walter ' Noore, Sigemaro Nagakurs, apd Sylvester Brown

Chemical Laboratory, Indiana University
Bloomington, Indiana

OQur interc¢st in this subject was aroused by scme unusual observa-
tions on the behavior of polished aluminum targets bonparded w.th helium
ions at 3 to 10 kv in an ionic beam apparatus. The cffect of the bombard-
ment was to protect completely the aluminum surface aguinst corrosion in
moist air in the preseunce of mercury vapor, an atmosphere that produced
catastrophic corrosjon of an unbombarded specimen. We suggested two
possible explanations for this result: (a) 1Tt might be due to the
deposition on the crystal surface of a tenacious layer of polymeric

material, caused by decomposition of ambient or adsorbed gases by the

" ionic beams as it strikes the metal surface. {(b! Tt might bc due to

some influence of the occluded helium on the reactivity of the metal
toward oxygen and other corrosive gases.

In order to distinguish between these hypothetica. mechanisms, we
decided to try to repeat the experiment in an ultrchigh vacuum system
(10“9 torr) free of oil vapors or other organic contaminants. The ex-
perimental difficulties of constructing an jonic-beam apparstus operating
under such conditions led to a decision to use a more simple arrangement,
in which the inert gases would be introduced by making the metal surface

the cathode in a plasma or glow discharge.

[w.¥Y Py



EXTELIMENTAL FROCEDGRES

the peneral reature o) the vxperimental systum arc shown in Figure |,
The system was conscrocted ol welded stainless steel and Pyrex glass,
excepl for Kovar wn-tal to glass scals which were [ormed with Nicobraz M
solder to the stalnless stecl sections., The system was rumped during
bake-ouc at “00-:1.0°C with a 40 1/s mercury diffusion pump and the final
pumping was with an Ultex 10-20 ion pump. 4 Consolidated Eicctrodynamics
21- 10 residual gas anulyzer was incorporated into the high vacuum side
of the system,

Details ot the reaction vessel are shown in Figure 2. It was con-
structed [rom a '-Yiter Pyrex flask, with provision [or evaporation of
a metal coating onto -the inside of the flask,‘;nd electrodes for striking
and maintaining a discharge.

A calibrated storage volume and » Josing system allowed ane to admit
successive measured “shots” of oxygen or othker gases to the system.
Lower pressurcs were measured on Vactec ionization gauges with oxide
coated iridiur-ribbon filaments and higher pressures on Pirani gauges.

The ins. ': of the bulb was coated with aluminum by cvaporation
from a.. electrically heated tungsten coill. The aluminum was first
melted and outgassed before final evaporation., The mass of aluminum
evaporated was from 15 t> h0 mg, éé;respdﬁding Eo a coﬁefent film thick-
ness of 700 to 11c0 A, 1t is likely thau aluminum evaporated under these
conditibns has a rough surface and somewhat porous strudﬁﬁro. After
cvaporation of the aluminum, the sySteﬁ‘waé again pumpédxto‘« lo";3 torr

prior to loading the film with inert gas. | Figuzusj ls an c¢lectron
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FIGURE 2
The reaction bulb.
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Figure 3. Electron micrograph of aluminum film after helium
bombardment. Platinum shadowed,
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micrograph of an aluminum film after exposure to a helium discharge., We
would expect the untreated {ilm to look much the same.

In a typical bombardment with xenon the gas pressure was 10 to
20 micra. The voltage drop across the bulb was 300 V, and a current
of 10 ma was drawn for 3 hours. It is evident that only a small fraction,
of the order of 0.01, of the xenon ions incident on the aluminum film
cathode became trapped beneath the {ilm,

After bombardment with iiert gas the bulb was pumped down to the

6

107° to 107

torr range, and the rate of evolution of gas measured
before beginning the oxygen adsorption run. Some of the trapped inert
gas was pumped away at this stage, but most of it remained trapped in
the film

Oxyvgen adsorption and oxidation was followed by admission of

successive small "shots"

of oxygen from the doser, At regular time
intervals the total pressure in the bulb was measured and the residual
gas composition was measured with the mass spectrometer residual gas

analyzer, The analyzer was aot, however, continuously cunnected with

the bulb during the oxidation rumn.

EXPERIMENTAL RESULTS
1f a baked out, evacuated glass bulb is exposed to oxygen, there
will be considerable adsorption of oxygen on the wall. 1In our system
this awounted to about (O ccmm. We do not know how much of this represents
adsorption on the bare glass surface and how much on the metal tubing.
[A blank adsorption run con the tubing alone must be mad: to securc these

data,.




Sl

The course of oxygen adsorption on an evaporated aluminum film is
shown in Figure L., It will be noted that the rate of oxygen adsorption
decrveases markedly after the first two shots., Each "shot" corresponds
to an amount of oxygen e¢quivalent to about a 5 Angstrom layer of Al:03
based on the geometric surface area of the film., Based on the chemisorp-
tion of O atoms on closest packed planes of aluminum atoms, each shot
corresponds to about one-thLird monolayer. As Figure 4 indicates, resi-
dual gas began to build up after & or 3 shots of oxygen, which wruld
be corsistent with attainment of a chemisorbed monolayer or about 10 A
nf Al 0s. When allowance is made for background adsorption, the total
oxygen uptake at the end of 17 shots, when the residua! pressure has
reached 1.5 x 10—2 torr, is about 20 A on the basis of the geometric
film area. This i1s less than we expected from published data.

Several runs were made with bombardment by helium ions prior to
chemisorption of oxygen. In a typical run, the bombardment condition
was 2 mA at 145 V for 10 hr, Under these conditions only about 1.5 x 104
atoms He/cm2 were taken up by the film, about one atom He for every
eight Al atoms in the apparent surface, The elfect of such a treatment
with helium on the subsequent rate of uptake of oxygen was not great,
It appeared, however, that some additlonal -eledse of helium occurred
when the oxygen struck the film. Since a greater awmount of helium in
the £film led to a higber final pressure for a given amount of oxygen
adsorption, some evidence for protection of the wetal by occluded
helium may be adduced.

The next step was to try to secure a higher incorporation of occluded

telium by increasing the potential gradient across the discharge tube,
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The helium pressure was lowered to 30. and a discharge maintained at 1000 V
for 2.15 milliampere hours. This gave an estimated 2.5 x 1015/cm2

helium atoms embedded. 1r. this case also, no protective action was
aciiieved, but there was direct evidence of helium evolution, as shown

by the pressure-time curves of oxygen chemisorption, with and without

prior helium bombardment. Subsequent studies were done with xenon as

the impregnating gas and a mass spectrometer residual gas analyzer to
monitor the composition during an adsorption run.

Mechanism of Felium Relcase

There are several mechanisms for the helium release upon oxygen
chemisorption which may operate exclusively or in combination.
(a) The adsorbed oxygen may effect’vely replace helium atoms from
the sites in whkich it is occluded.
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(b) The adsorption of oxygen may cause a displacement of the surface

aluminum atoms sufficient to permit the escape of helium atoms., It

would be difficult to distinguish this mechanism from (a),

(c) The release of heat when nxygen is chemisnrbed on aluminum may raise

the temperature in the surface layers sufficiently to permit the escape

of helium by diffusion. Although we do not have these data for helium,

similar experiments with xenon showed that the xenon release was approxi-

mately equivalent to the oxygen chemisorbed. This result would argue

against any purely thermal effect. Each shot of oxygen is a small

fraction of a monolayer so that the heat released per unit area of fiim

may not be sufficient to cause an appreciable rise in local temperatures,
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Effects of Xenon Bombardment

The xenon work was facilitated by the use of a residual gas analyzer
which permitted us to analyze the composition of the gas after oxygen
chemisorption, The mass range of the analyzer extended only to M/Q = 80
and hence did not include XeL at 129 to 136, However, a strong broad

4
peak due to Xe 3

129Xe, 1351

was obtainable at about M/Q = 43,5 arising mainly from

Xe, and 152

Xe the most abundant xenon isotopes, The experiments
on oxygen chemisorption subsequent to xenon treatment are summarized in
Table 1. It will be noted that xenon is desorbed as oxygen is adsorbed,
The interpretation of these results is similar to that of the helium
experiments.

In conclusion we can state that the extreme passivity of aluminum
surfaces originally observed after bombardment with He+ in an ion-beam
apparatus has not been found in the case of pure aluminum films prepared
under ultrahigh vacuum conditions and then impregnated with He or Xe
from a giow discharge. It is likely, therefore, that the passivity
found previously wat due to the deposition of a thin tenacious layer
of undetermined polymer on the metal surf:ces. On the other hand, we
have found evidence that the chemisorption of oxygen on aluminum films
i~pregnated with inert gas is quite different from that on bare aluminum,

Apparently chemisorption of oxygen dispiaces occluded helium or xenon in

the films,



TABLE 1

OXYGEN CHEMISORPTION ON
ALUMINUM FIIMS AFTER
XENON BOMBARDMENT

- : OXYGEN UPTAKE

RUN  MASS XENON  TREATMENT coM RESIDUAL
N0.  Al-mg  VOLTS MA  HR  FINAL OXYGEN cAs
PRESSURE  ADSORBED
1 17.5 300 0 3 Lx1o” 360 17$ Xe
2 23 250 Y 2 by 10 300 -—
z 41 2,5 50 7 ~ 1077 150 n 50% Re
L L2 500 9 L5 107 120 ~ 50% Xe
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